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Abstract 
CFD predictions of rotor loads and vibration could be improved by resolving a 
larger part of the turbulent flow spectrum around the rotor. CFD methods, currently 
in use for rotors blades, employ the URANS approach that is inherently limited in 
terms of the sizes and frequencies of the resolved local flow structures. This paper 
attempts to apply hybrid (DES) method of turbulence modelling and simulation 
aiming to resolve a larger part of the spectrum around rotor blades in hover and 
forward flight. A comparison between DES and URANS was carried out for the case 
of a forward flying rotor suggesting that DES has potential for rotor applications. 
The limitations of the available experiments for CFD validation are also highlighted. 
 
I. Introduction 
Rotor CFD calculations are challenging. This stems from the associated flow 
unsteadiness, and the coupled aerodynamics, and elasticity of rotor blades, as well as 
the necessary rotor trimming. Within the rotor flow domain, wakes dominate as flow 
effects and their presence is characterized by a range of flow scales, both laminar 
and turbulent. Table 1 summarizes the turbulence models currently in use in 
rotorcraft CFD for solution of the Unsteady Reynolds Averaged Navier-Stokes 
(URANS) equations, and as shown these are dominated by the 2-equation k-ω  [1] 
model and its derivatives. However, these models show deficiencies in several 
aspects of rotorcraft flows. In particular, the cutoff frequency of for local flow 
structures resolved in URANS solutions is at about 500 Hz, which could be too low 
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to predict all the phenomena occurring in rotorcraft flow, with blade rotational speed 
approaching 300 RPM. Other limitations come from the Boussinesq approximation. 
Boussinesq-based models tend to under predicted stall and over predicted eddy 
viscosity at the core of vortices [2]. These problems can be partly solved by adding 
non-linear terms in the stress tensor expansion, [3] however, the potential reduction 
of numerical stability of the CFD codes make them impractical in the case of 
rotorcraft flows. 
Most of the above problems could be overcome using LES (Large Eddy 
Simulation) model, however, due to the high Reynolds number and therefore the 
range of scales to resolve, these models are currently unaffordable. An alternative 
could be hybrid RANS/LES models in the form of (DES) (Detached Eddy 
Simulation) or LNS (Limited Numerical Scales) [4]. These models resolve the 
largest structures in the flow while modelling the smaller ones. The filter is implicit 
and depends on the mesh coarseness, switching to the RANS equations to model the 
smaller turbulent scales. 
Russian efforts to model rotor performance using CFD are mainly based on 
solutions of the RANS equations with different turbulence models (see, for example, 
papers [29–33]). 
For the above reasons, the present study attempts to assess DES closures for rotor 
flows, as well as the coupling approach to model the blade structural deformation. 
After presenting the models DES turbulence model is then applied to the ONERA 
7A rotor in forward flight, followed by the HART-II rotor in BVI conditions. 
II. CFD Method 
A. CFD Solver 
The Helicopter Multi-Block (HMB) code, developed at Liverpool and Glasgow 
universities, is used as the CFD solver for the present work. It solves the Unsteady 
Reynolds Averaged Navier-Stokes (URANS) equations in integral form using the 
arbitrary Lagrangian Eulerian (ALE) formulation for time-dependent domains with 
moving boundaries: 
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ௗ௧ ∫ wሬሬሬ⃗ 𝑑𝑉 + ∫ ቀ?⃗?௜(wሬሬሬ⃗ ) − ?⃗?௩(wሬሬሬ⃗ )ቁ 𝑛ሬ⃗ 𝑑𝑆 = 𝑆డ௏(௧)௏(௧)    (1) 
where V(t) is the time dependent control volume, V(t) its boundary, wሬሬሬ⃗  is the vector 
of conserved variables [ρ, ρu, ρν, ρw, ρE]T. ?⃗?௜ and ?⃗?௩ are the inviscid and viscous 
fluxes, including the effects of the time dependent domain. For forward flying rotor 
simulations, a moving grid approach is used and the source term is set to 𝑆 =
ൣ0, 0ሬ⃗ , 0൧
்
. 
The Navier-Stokes equations are discretised using a cell-centred finite volume 
approach on a multi-block grid, leading to the following equations: 
డ
డ௧
൫𝐰௜,௝,௞ 𝑉௜,௝,௞ ൯ = −𝐑௜,௝,௞൫𝐰௜,௝,௞൯,     (2) 
where w represents the vector of cell variables and R the flux residuals; i, j and k are 
the cell indices and 𝑉௜,௝,௞ is the cell volume. Osher's [6] upwind scheme is used to 
discretise the convective terms and MUSCL variable interpolation is used to provide 
third order accuracy. The Van Albada limiter [7] is used to reduce the oscillations 
near steep gradients. 
Temporal integration is performed using an implicit dual-time step method. The 
linearised system is solved using the generalised conjugate gradient method with a 
block incomplete lower-upper (BILU) preconditioned [8]. 
Multi-block structured meshes are used for HMB. These meshes are generated 
using ICEM-Hexa™ of Ansys. The multi-block topology allows for an easy sharing 
of the calculation load for parallel computing. For rotor flows, a typical multi-block 
topology used with HMB is described in [9]. A C-mesh is used around the blade and 
this is included in a larger H structure which fills up the rest of the computational 
domain.  
The implementation of various turbulence models in HMB was presented in [10]. 
For this work, only the DES model, based on the Spalart-Allmaras (SA) [11] model, 
was applied. 
III. Results and Discussion 
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A. DES applied to rotor flows 7A rotor in Forward Flight 
7A rotor in forward flight was attempted with DES. Due to its popularity in CFD 
works and the availability of experimental data from several wind tunnel campaigns, 
the ONERA 7A rotor, described in Figure 1, was considered.  
The collective and coning settings used in the CFD computations are shown 
in Table 2. Table 2 presents the following parameters: µ – the aspect ratio, M∞ – the 
free stream Mach number, Ст – toque moment coefficient, as – the shaft angle 
(positive for backward angle), θ0 – the collective angle, θ1c, θ1s – the cyclic 
components (sinus and cosine), ß0 – the coning angle, ß1c, ß1s – the longitudinal and 
lateral flapping angles. 
Given that structured multi-block grids are used here, there was less flexibility to 
optimize the mesh for DES.  Nevertheless, care has been taken to refine the mesh 
near the blades while maintaining some of the mesh orthogonality at the rotor disk 
plane where the blade vortex wake is expected to be concentrated. The mesh for the 
complete rotor was put together by copying the single-blade mesh and rotating it 
around the azimuth. 
The computation was undertaken in parallel mode using 16.8 million nodes with 
good load balancing.  Due to CPU time limitations only three rotor revolutions 
were attempted using an azimuthal step of 0.25 degrees. This time step appears to be 
close to what is used for URANS computations though further refinement would 
lead to overwhelmingly expensive computations. 
The results for Mach-scaled normal force and pitch moment coefficients obtained 
from the URANS (SA turbulence model) and the DES solutions are compared 
against experimental data in Figure 2. Three stations are shown corresponding to r/R 
= 0.7, r/R = 0.825 and r/R = 0.9, where r is a local section radius and R is the rotor 
radius (some discrepancy of the CFD results for the azimuth angles 0 and 360 
degrees during a one rotor revolution can be explained by unsteady formulation of 
CFD task). Inboards, the flow appears to be well-resolved by both the DES and the 
URANS solutions and the overall agreement for the Mach-scaled normal force 
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coefficient is good on the advancing side of the blade and the rear of the disk (near 
an azimuth angle 0 degrees). Some difference exists on the retreating side 
(270 degrees) and the DES solution fares somehow better in that region. This is 
especially true for the pitching moment coefficient. At the r/R = 0.825 station, the 
situation shows some of the DES benefits though these are mainly concentrated on 
the retreating side. For the considered test case, the experimental data show the 
presence of some blade-vortex-interaction near 100 degrees of azimuth. None of the 
employed models captured the BVI and this is apparently due to the lack of spanwise 
mesh resolution as well as the selected azimuthal step of 0.25 degrees. Furthermore, 
the exact trim state of the model rotor used in the experiments is not exactly known 
and the location of the blade may affect the predicted BVI. Interestingly, the depth of 
the normal force coefficient on the advancing side of the rotor is well-captured in 
terms of magnitude and phase by both models. For the third available station (r/R = 
0.975) the URANS and DES results are fairly close for the pitching moment and 
normal force coefficients. Again, it is interesting to see that regardless of some 
minor differences near the advancing side, both models follow the trend of the 
experiments quite accurately. The only exception for the BVI is encountered at 
azimuth angles of about 100 degrees that does not appear to be resolved. 
B. HART-II Rotor in Low-Speed Forward Flight 
Comprehensive experimental measurements for the HART-II rotor were obtained 
by Van der Wall et al [13]. The rotor was tested for a slow descending flight, on a 6 
degrees slope with an advance ratio µ = 0.1508. The freestream Mach number was 
set at М∞ = 0.096. The shaft angle was corrected for the wind-tunnel effects and set 
to αs = 4.5 degrees.  These conditions were chosen to assess the prediction of BVI 
events. The trim state was based on the work of Lim et al  [14]  and was θ 0 = 3.36 
degrees, θ1c = -1.57 degrees and θ1s = 0.97 degrees. It was also found that an increase 
of θ1s to 1.47 degrees (called trimmed solution thereafter) further improved the 
results. 
A first simulation was carried out on a grid of 17.6 million nodes, aiming at 
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comparing the rigid and elastic blades. The blade deformation was extracted from 
the HART-II experiment database [15] and projected on the blade eigenmodes 
obtained through NASTRAN. The six first harmonics were extracted and used to 
prescribe the deformation of the rotor blades.  
The obtained blade deformation at the tip is compared to experimental 
measurements in Figure 3. Figure 3 presents vertical oscillations (100z/R) and 
torsion angle  for the blade tip part. The tip deformation matched well the 
experimental measurements apart from the down peak in torsion at the front of the 
rotor disk that is slightly under-predicted. 
The main difference between the rigid and elastic blade results is visible in Figure 
4 which represents the evolution of the Mach-scaled normal coefficient around a 
revolution at r/R = 0.87. While the elastic blade was able to capture some BVI, the 
rigid one did not. On the other hand, numerical dissipation in the grid resulted in low 
amplitudes of the predicted BVI. Therefore, a new finer grid was generated and was 
also used to compare the SA and DES turbulence models. 
The new grid size was set at 34.8 million nodes. It was noticed during the 
simulation that an increase in amplitude of the sinus component of the cyclic 
allowed for a better rotor trimming and loading. This second simulation was termed 
trimmed. The trim states used for the HART are summarised in Table 3. Due to the 
higher DES requirements, the simulations were run with an azimuthal step ∆Ψ = 0.1 
degrees.  
Iso-surfaces of the λ2-criterion from the trimmed DES simulation are shown in 
Figure 5, showing the location of the vortices. Due to the low thrust coupled with the 
backward shaft angle, the vortices generated by the blades at the front of the rotor 
disk pass over the rotor before moving downwards and crossing the rotor disk at the 
rear. Due to the low advance-ratio, the vortices are progressing very slowly along 
the rotor. The hub wake as well as the blade root vortices are also clearly visible and 
interact with the blade in the rear of the disk. 
Figure 6 presents the computed Mach-scaled normal force coefficient along the 
span during the rotation of the HART-II rotor using both the DES and SA turbulence 
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models. Both simulations predicted BVIs around Ψ = 80 degrees and Ψ = 270 
degrees, as the strong oscillations in the normal force coefficient indicate. The 
interaction of the blade with the wake of the hub is also clearly visible at the back of 
the disk. The predictions from the SA and DES turbulence models were very similar, 
and the main differences are located in the BVI areas where differences reached 5% 
of the peak-to-peak variation of the Mach-scaled normal force coefficient. 
The loading at section r/R = 0.87 was then extracted and compared with 
experimental measurements in Figure 7. The BVIs are clearly visible around Ψ = 80 
degrees and Ψ = 280 degrees, with large variations in amplitude. While the 
predictions followed the experimental trend, the down-peak at Ψ = 150 degrees 
tended to be over-predicted. The loads in the first quarter of a revolution were also 
under-predicted. The trimmed solution improved the predictions on the advancing 
side, with an upward peak around Ψ = 90 degrees following the experimental values 
instead of being higher. On the other hand, this improvement proved limited when 
focusing on the vibratory part of the loads. The BVIs from the CFD simulations tend 
to happen more forward in the rotor disk. This might be linked to the higher thrust 
from the rotor (CT = 0.0140 in the simulations, and CT = 0.00886 in the experiments) 
which brought the vortices through the rotor disk earlier. 
The amplitude of the loads variations was also smaller in the CFD simulations. 
This might come from the numerical dissipation of the vortex, despite the use of a 
fine mesh and the lack of vertex core resolution. 
IV. Summary and Conclusions 
DES was applied on the ONERA 7A rotor and compared with both the 
experiment and URANS models. Both turbulence models predicted quite well the 
lift and moment coefficients evolution along the rotor rotation. However, DES 
tended to slightly improve the predictions in the back of the disk and, more 
importantly, the results contained a broader frequency content. These results are 
encouraging for further studies, particularly when structural deformations are taken 
into account, causing higher frequency modes to be excited.  
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When applied to the HART-II test case, DES only showed limited improvements 
on the BVI predictions. The main effects were identified to be the mesh size in terms 
of wake and vortex core resolution, and the aeroelastic and trimming effects that are 
strong for this case. Even this case, however, lacks the highly resolved data that DES 
should be compared against. A further study of mesh and time step refinements 
effects would be required to fully assess the potential of DES for rotor flows. BVI 
still represents a very difficult flow problem and better understanding of this 
phenomenon should be combined with new experiments of high spatial and temporal 
resolutions.  
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Table 1: Comparison of the turbulence models used for rotor modeling. 
Author CFD Solver Turbulence Model Test Case Institute 
Pahlke et al. 
[16], 2005 FLOWer 
BL, k−ω [1],  
k−ω LEA [17, 18] 7A/7AD DLR 
Renaud et al. 
[19], 2008 elsA SA, k−l, k−ω Dauphin 365N ONERA 
Dietz et al. [20], 
2009 FLOWer k−ω 
Винт BK-117 и 
полный 
вертолет 
Eurocopter 
Borie et al. [21], 
2009 elsA k−ω NH 90 Eurocopter 
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Potsdam et al. 
[22], 2009 OVERFLOW 
SA [11] (near body) 
and inviscid Dauphin 365N AMRDEC 
Khier et al. [23], 
2009 FLOWer k−ω NH 90 DLR 
Smith et al. [24], 
2009 OVERFLOW 
SA, k−ω SST [12], 
GTKES [25], 
HRLES-SGS [26] 
Yawed 
NACA0012 Georgia Tech 
Sitaraman et al. 
[5], 2009 UMTURNS 
SA and wake model 
UH 60A 
National Institute 
of Aerospace 
Min et al. [27], 
2009 GENECAS 
SA DES [4] and 
wake model Винт Bo-105 Georgia Tech 
Steijl et al. [28], 
2009 HMB k−ω 
Georgia Tech 
Teetering-Rotor, 
ROBIN, 
GOAHEAD 
University of 
Liverpool 
 
Table 2. ONERA 7A flight conditions and trimming for the various simulations. The angles are 
given in degrees. 
μ M∞ Ст as θ0 θ1c θ1s ßo ß1c ß1s 
0.390 0.2399 0.005 11.0 14.0 −2.0 4.5 0.0 4.5 0.0 
Table 5: Control angles for the HART-II rotor simulation, in degrees.  
Case as θ0 θ1s θ1c 
untrimmed 4.5 2.96 0.97 -1.57 
trimmed 4.5 2.96 1.47 -1.57 
Figure 1. Properties of the 
7A/7AD rotors. 
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(a) M2Cn, r/R = 0.7  (b) M2Cm, r/R = 0.7 
 
(c) M2Cn, r/R = 0.825  (d) M2Cm, r/R = 0.825 
 
(e) M2Cn, r/R = 0.975  (f) M2Cm, r/R = 0.975 
Figure 2. Comparison of the Mach scaled normal and moment coefficients at three sections 
obtained with URANS and DES with experiments. 
 
(a) Tip flapping    (b) Tip torsion 
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Figure 3. HART-II rotor blade tip deformation used in the CFD simulation compared to 
experimental measurements [13].  
 
Figure 4. Comparison of the Mach-scaled coefficient at r/R = 0.87 during a revolution of the 
HART-II rotor with experimental measurements [13], mean and first harmonics removed. 
 
Figure 5. λ2-criterion iso-surfaces for the flow around the HART-II rotor, coloured with the 
pressure. View from the top of the rotor. 
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(a) SA (b) DES 
 
(c) Difference (DES-SA) 
Figure 6. Mach-scaled normal force coefficient for the HART-II rotor, using the SA and DES 
(a) M2Cn (b) Vibratory part (mean and 1 /Rev removed) 
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Figure 7. Comparison of the Mach-scaled normal force coefficient for the HART-II rotor at r/R= 
0.87 with experimental measurements [13]. 
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